Abstract The methane removal capacity of mixed methaneoxidizing bacteria (MOB) culture in a biofilter setup using autoclaved aerated concrete (AAC) as a highly porous carrier material was tested. Batch experiment was performed to optimize MOB immobilization on AAC specimens where optimum methane removal was obtained when calcium chloride was not added during bacterial inoculation step and 10-mmthick AAC specimens were used. The immobilized MOB could remove methane at low concentration (~1000 ppmv) in a biofilter setup for 127 days at average removal efficiency (RE) of 28.7 %. Unlike a plug flow reactor, increasing the total volume of the filter by adding a biofilter in series did not result in higher total RE. MOB also exhibited a higher abundance at the bottom of the filter, in proximity with the methane gas inlet where a high methane concentration was found. Overall, an efficient methane biofilter performance could be obtained using AAC as the carrier material.
Introduction
Atmospheric methane plays a substantial role in global warming by contributing to 0.5 W m −2 of the 2.77 W m −2 of the total radiative forcing of long-living greenhouse gasses (Dlugokencky et al. 2011) . Both natural (347 Tg year
) and anthropogenic processes (331 Tg year −1 ) contribute almost equally to the total atmospheric methane emissions (Kirschke et al. 2013) . Among anthropogenic methane emission sources, energy (e.g., fossil fuel combustion) and agriculture sectors (e.g., livestock, rice, and paddies) are the largest contributors. With increasing food and energy demands as a result of the human population growth, global methane emission is predicted to increase in the future. Therefore, mitigation strategies are essential for the regulation of the global methane budget.
Methane-oxidizing bacteria (MOBs) are responsible for 5 % of the global methane sink (Conrad 2009 ). MOBs are microorganisms capable of utilizing methane as their sole carbon and energy sources. MOBs possess methane monooxygenase (MMO) enzyme which enables them to oxidize methane to methanol. Via a series of oxidation reactions, methanol is subsequently converted to formaldehyde, a central component in the bacterial metabolism (Hanson and Hanson 1996) . Formaldehyde is the metabolic intermediate used to synthesize biomass and generate reducing equivalents. Due to its versatility and ease of applicability, MOB is central in the biotechnological applications to mitigate methane emission (Semrau et al. 2010) .
Biofiltration is the typical biotechnological application to mitigate methane emission in places such as in coal mines and livestock barns (Apel et al. 1991; Veillette et al. 2012a) . Methane biofiltration employs MOB embedded on a static carrier material to remove methane from waste gas flowing through the filter. Biofilter performance is influenced by several technical (e.g., reactor dimension) and operational parameters (e.g., inlet load). When designing a methane biofilter, the carrier material selection is essential for optimum methane removal (Huang et al. 2011) . Biofilter carrier material can be organic (e.g., compost) or inorganic (e.g., gravel stone). An advantage of using organic material is that the material provides additional nutrients for the bacteria (e.g., nitrogen and phosphorus sources), whereas inorganic material is more durable as it does not deteriorate with time (Akdeniz et al. 2011; Veillette et al. 2012a) . Between the two types of carrier materials, the use of inorganic carrier material ensures high elimination capacity and enhanced biofilter performance (Nikiema et al. 2005) .
One of the most important properties of biofilter carrier material is porosity (Cohen 2001) . Material with high porosity can accommodate a high number of bacteria by providing a vast adsorption site for the bacteria (Cohen 2001; Samonin and Elikova 2004) , and autoclaved aerated concrete (AAC) possesses this beneficial characteristic. AAC is a lightweight porous concrete consisting of calcium silicate hydrate typically used for wall, floor, and roof panels of residential and industrial buildings. AAC possesses a high porosity that can reach up to 50 % (v/v) of the material as a result of gas entrapment by the aerating agent during manufacturing process (Narayanan and Ramamurthy 2000) . From previous kinetic study, a high methane removal was exhibited at low (~100 ppmv) and high (~20 % (v/v)) methane concentrations by different MOB cultures on AAC (Ganendra et al. 2014) .
In this study, we investigated the suitability of AAC as the carrier material for MOB to remove methane in a biofilter setup. Firstly, we performed batch test to increase the capacity of MOB to remove methane on AAC. This was done by testing the influence of (1) salt addition to the bacterial culture and (2) varying AAC specimen thickness on the methane removal capacity of the immobilized MOB. Salt addition was previously known to promote methane uptake in different types of soils. Addition of 12.1 to 61 mM of (NH 4 )SO 4 stimulated the methane consumption process in different agricultural soils, whereas the maximum methane removal rate in cultivated cambisol soil was obtained after the addition of 4.3 mM of CuSO 4 (Bender and Conrad 1995) . Furthermore, per gram of material, thinner specimens possess higher surface area, and higher methane removal rate may be obtained using thinner specimens as a consequence of the higher contact area between bacteria and methane. Here, we investigated the optimum salt addition and AAC specimen thickness giving the maximum specific methane removal (i.e., normalized to the weight of the specimen) by the MOB. The optimized conditions (i.e., salt addition and specimen thickness) for the maximum methane removal by the MOB were subsequently used as the basis for the biofilter design. Secondly, the capacity of MOB on AAC to remove methane in a biofilter setup was studied. The methane removal profile during the biofilter test and the MOB abundance along the biofilter bed at the end of the test were also investigated.
Materials and methods
Methane-oxidizing bacteria MOB mixed culture was enriched from circum-neutral agricultural soil (pH~7.9) originating from Ghent, Belgium (Ganendra et al. 2014) . The culture was predominantly composed of Methylocystis spp. as revealed by diagnostic microarray analysis targeting the pmoA gene of the MOB (Ganendra et al. 2014) . The use of a mixed culture is more practical (e.g., the setup need not be sterile) and effective as methane uptake rates have been shown to be higher in cocultures ).
Autoclaved aerated concrete
AAC (Ytong, Belgium) was cut into triangular prism specimens for the batch optimization test (Fig. 1a) or circular discs for the biofilter test (Fig. 1b) . The triangular specimens were 30 mm in radius with varying thickness (please refer to the batch optimization subsection for detailed explanation of the experimental method). The circular discs were 10 mm thick with a diameter of 90 mm and further cut to give four rectangular openings (15×10 mm) per disc. These openings were made for gas passage in the biofilter. The specimens were stored at 28°C prior to use. 
Biofilter configuration
Three identical biofilters were made from a hollow transparent polyethylene (PE) tube (ISPA plastic, the Netherlands) with a dimension of 80 cm (length) × 9 cm (diameter). For each biofilter, seven holes with 12-mm diameter were made at 9 cm apart along the biofilter length. The holes, which were used as gas sampling ports, were closed with butyl rubber stoppers and sealed with epoxy glue (Loctite, USA). Before being placed in the biofilter, the discs were inoculated with MOB using the method described in the batch optimization subsection. The discs were subsequently placed inside the biofilter in a spiral trajectory in order to prevent gas flow obstruction caused by biofilm clogging (Fig. 2a) . The biofilter bed height was 45 cm, and it was made out of AAC specimen stacks starting at 15 cm from the bottom of the filter. A circular piece of plastic frame with numerous holes was attached to the biofilter wall at the base of the bottom disc in order to hold the discs and for the gas inlet distribution. Both ends of the biofilter were subsequently closed with PVC flanges (ISPA plastic, the Netherlands) and tightened with eight screws (M8×60 mm; Ijzewaar, Belgium) to make the biofilter gas tight. In this final configuration, five gas sampling ports were situated equally to different filter bed heights, whereas the other two ports were located close to the gas inlet and outlet. The sampling ports were numbered sequentially from the bottom to the top part of the filter (i.e., the first and seventh ports were the one adjacent to the gas inlet and outlet, respectively).
MOB enrichment
Prior to the experimental setup, 200 ml of culture was subcultivated in nitrate mineral salt (NMS) medium (Whittenbury et al. 1970 ) in a 1-l serum bottle (Schott Duran, USA). For this culture sub-cultivation, a 10 % (v/v) inoculum from a previous enrichment was added to fresh NMS medium before the bottle was sealed with a butyl rubber stopper and an aperture cap. Methane gas (99.5 % (v/v); Linde Gas, Belgium) was subsequently injected into the headspace until it reached~20 % (v/ v) headspace concentration. The bottle was incubated on a shaker (120 rpm) at 20°C until the culture was enriched tõ 2×10 8 cells ml
.
Batch optimization test
Forty grams of AAC specimens (porosity 46±1.8 % and pore volume 0.36 ± 0.04 ml g −1 (Ganendra et al. 2014) ) was inserted into each 1-l serum bottle containing 200 ml of enriched MOB culture. The bottles were subsequently sealed with a butyl rubber stopper and an aperture cap. Methane gas was subsequently injected into the headspace until it reached 20 % (v/v) headspace concentration. The bottles were incubated on a shaker (120 rpm) at 20°C for 48 h. Afterward, the liquid was poured out of the bottles and the bottles were resealed before methane gas was injected into the headspace. Fig. 2 a Biofilter bed configuration when placed inside the biofilter and b the biofilter process configuration when all three biofilters (MBF-A, MBF-B, and MBF-C) were run in series. When MBF-A and MBF-B were run in series (days 37 to 72), gas entered firstly in MBF-B. When all biofilters were run in series (days 73 to 127), gas entered firstly in MBF-C. Methane and compressed air were mixed and subsequently fed at the bottom of the biofilter at~1000-ppmv methane concentration. Liquid containing essential nutrients was fed intermittently at the top of the filter using a sprinkler
The methane removal capacity of MOB was measured by analyzing the change of the methane concentration in the headspace of the bottles. Methane oxidation rate by the MOB was calculated based on this headspace concentration change according to the method described previously (Ganendra et al. 2014) . As oxygen was also a substrate for bacterial methane oxidation, the oxygen concentration in the headspace was maintained above 5 % (v/v) by injecting oxygen (99.5 % (v/v); Air Liquide, Belgium) into the bottles. Methane was replenished when depleted to bring the headspace concentration up to~20 % (v/v).
Calcium chloride was used as the salt component for incubations with varying salt addition. Different volume of 1 M calcium chloride was added to different bottles containing bacterial culture after the specimens were inserted to reach 30, 50, 70, and 90-mM final calcium chloride concentrations. Incubations of AAC specimens in MOB culture without calcium chloride addition served as reference incubations. In this test, 10-mm-thick AAC specimens were used. A 10, 15, or 20-mm-thick specimen was used for incubations with varying specimen thickness. For simplification, the following abbreviations were assigned to different incubations with the following calcium chloride addition: 0 mM (MC0, controls), 30 mM (MC30), 50 mM (MC50), 70 mM (MC70), and 90 mM (MC90). The following abbreviations were assigned for incubations with 10 mm (MT10), 15 mm (MT15), and 20 mm (MT20) thick specimens. Each treatment was performed in triplicate.
Biofilter test
The biofilter process configuration can be seen in Fig. 2b . A biofilter was connected at its base to a gas line coming from a compressed air (Air Compact, Belgium) and methane gas (99.5 % (v/v); Air Liquide, Belgium) mixing point. Both gas flows were regulated using mass flow controllers connected to a control module (EX-FLOW; Bronkhorst, the Netherlands) ensuring that~1000-ppmv methane/air mixing ratio was fed into the biofilter. Prior to the biofilter test, the hollow filter was checked for leaks by feeding the gas into the filter for 1 week, and the methane concentration in the filter during that period was monitored regularly. NMS medium, stored in a 10-l tank, was intermittently fed through the top of the filter countercurrent to the air flow. Liquid was fed every 6 h for 1 min (120 ml min
) by a pump (Cole-Parmer, USA) equipped with a timer (Chacon, Belgium). At the bottom of the filter, the liquid was collected and recirculated back to the tank. The liquid nutrient composition was checked regularly to ensure enough nutrient provision for the bacteria. When one of the nutrients was depleted, the liquid was replaced by new NMS medium. The biofilter was operated in a temperaturecontrolled room at 20°C. A summary of the biofilter operating and design parameters can be seen in Table 1. In the final configuration, three biofilters were run in series. Initially, one biofilter (MBF-A) was run for 36 days with the gas flow rate set at approximately half of the design capacity for the first 20 days. MBF-B was installed after 36 days and it was placed prior to MBF-A. Both biofilters were subsequently run in series for 37 days before the third biofilter (MBF-C) was installed. MBF-C was placed ahead of MBF-B, and all biofilters were operated for 53 days before the experiment was stopped. The biofilters were organized in this arrangement to promote higher biomass growth in the newly installed biofilter by feeding it with methane at higher concentration. To observe the influence of the liquid nutrient feeding on the bacterial methane removal, the feeding was stopped from day 86 to 106.
Several parameters were calculated in this study. The empty bed residence time (EBRT) was calculated using the following equation:
where V f was the filter bed volume (m 3 ) and Q was the inlet gas flow rate (m 3 h −1 ). The methane volumetric load was divided into inlet load (IL) and outlet load (OL), and they were calculated using the following equations:
where C in and C out were the inlet and outlet methane concentrations (g m −3
), respectively, measured from gas samples taken from the first (C in ) and seventh (C out ) sampling ports. C out always corresponded to the top (seventh) sampling port of MBF-A. C in corresponded to the bottom (first) sampling port of MBF-A, MBF-B, and MBF-C in the first (day 1 to 36), second (day 37 to 72), and third (day 73 to 127) phase, respectively. To estimate the methane removal capacity of MOB, the elimination capacity (EC) was calculated using the following equation:
The EC was calculated for each biofilter with the total EC being the sum of all. The methane removal efficiency (RE) of MOB was calculated using the following equation:
Gas composition analysis
For the batch optimization test, 1 ml of gas sample was taken from the headspace of each bottle using a gas-tight syringe (Hamilton, Belgium) and directly analyzed. For the biofilter test, duplicate gas samples were taken from each sampling port using a gas-tight syringe (Hamilton, Belgium) and transferred to 12-ml vacutainers (Becton Dickinson, Belgium) that had been vacuumed prior to the analyses. Oxygen, methane (for batch optimization test), and carbon dioxide were measured using a compact gas chromatography (GC) (Global Analyser Solution, the Netherlands) equipped with a thermal conductivity detector, a Porabond pre-column, and a Molsieve SA column. Methane in the gas samples was analyzed using a Trace GC Ultra (Thermo Scientific, Belgium) equipped with a flame ionization detector. Gas pressure inside the biofilters and serum bottles was measured using a tensimeter (WIKA, Germany).
Liquid nutrient composition analysis
Nitrate, nitrite, sulfate, and phosphate were monitored in the liquid of the nutrient tank. A 1-ml liquid sample was collected from the tank and diluted for 10 times prior to analysis. The concentration of ions in the sample was analyzed using a 761 Compact Ion Chromatograph (Metrohm, Switzerland) equipped with a thermal conductivity detector using the method described previously (van der Ha et al. 2011) .
DNA extraction
At the end of the biofilter test, triplicate samples were collected from the surface of the specimen located beside each sampling port by scrapping the surface of the specimen up tõ 1 mm deep. There were thus five different types of specimen samples from each biofilter. These samples consisted of biomass mixed with residual AAC specimens. After homogenization, an aliquot of the sample was then dried in an oven at 70°C for 24 h. The samples were subsequently stored in the −20°C freezer until further used for the DNA extraction.
Total DNA was extracted from the samples using a physical disruption method (Vilchez-Vargas et al. 2013) . Upon lysis and disruption at 1800 rpm for 3 min, phenol-chloroformisoamyl ethanol (25:24:1) extractions were followed. DNA was precipitated and washed twice with cold ethanol and resuspended in 50 μl of TE buffer (10 mM Tris-HCl, 1 mM EDTA [pH 8.0]) (Hernandez-Sanabria et al. 2010) . The quantity and quality of DNA were measured using an ND 1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).
qPCR analysis
Quantitative PCR (qPCR) assays were performed to investigate the MOB abundance on AAC specimens at different filter bed heights. The quantification of the pmoA gene was used as proxy for the total MOB community. The pmoA gene (gene encoding for a subunit of the particulate methane monooxygenase enzyme) is present in virtually all obligate methanotrophs and is congruent with the 16S rRNA gene phylogeny (Kolb et al. 2003) , making the pmoA gene suitable for the detection of methanotrophs (Ho et al. 2011) . qPCR targeting the pmoA gene was performed using the A189f/ mmb661r primer combination. Briefly, each qPCR reaction (total volume 20 μl) consisted of 10 μl 2× SensiFAST SYBR (BIOLINE, the Netherlands), 3.5 μl of A189f forward primer (5 pmol μl In a preliminary qPCR run, DNA template was diluted (10×, 50×, and 100× dilution) to determine the optimal target yield. Henceforth, DNA was diluted 100× to achieve the optimum pmoA gene copy numbers. The PCR program consisted of an initial denaturation step at 95°C for 3 min, followed by 45 cycles of 95°C for 10 s, 62°C for 10 s, and 72°C for 25 s. Fluorescence signal was obtained at 87°C (8 s) after each cycle and melt curve obtained from 70 to 99°C (1°C temperature increase on each cycle). The qPCR was performed with a Rotor-Gene Q real-time PCR cycler (Qiagen, the Netherlands). Duplicate qPCR reactions were performed for each template DNA giving a total of six replicates per sampling point along the vertical sampling sites.
Statistical analysis
Except for the methane concentration measurement in the biofilter test (duplicate measurements), values are the mean of triplicate measurements. Error bars represent standard deviations. One-way ANOVA test was carried out for means comparison, assuming a significance of P<0.05. Subsequent pairwise multiple comparisons tests (Holm-Sidak procedure) were performed to compare the differences between two mean values in the experiment (α=0.05). Statistical analyses were carried out in SigmaPlot v12.0 (Systat Software, Inc., USA). The mixed-model procedure in SAS 9.4 was used to perform the analysis of the distribution of MOB abundance in MBF-A and MBF-B according to the split plot design (SAS institute, Cary, NC, USA). This MOB distribution analysis was based on the significant differences of MOB abundance on AAC specimens between specimens located near the gas sampling ports.
Results

Batch optimization test
The aim of the batch optimization test was to increase the capacity of MOB to remove methane on AAC. This was done by investigating as follows: (a) the influence of salt addition into the MOB culture and (b) AAC specimen thickness to the methane removal of the immobilized MOB. Calcium chloride was used as the salt component in incubations at varying salt addition. With the exception of MC90, methane was removed from the headspace of all bottles after each methane addition (Fig. 3a) . MC90 was stopped after 32 days due to negligible methane consumption by the MOB. The highest initial methane removal rate was measured in MC30 (179.7±3.9 μg C-CH 4 (g AAC d)
−1 ) and MC50 (179.8 ± 1.2 μg C-CH 4 (g AAC d)
−1
). However, the difference was not significant to MC0 (P>0.05). Similar rates (i.e., without significant difference (P>0.05)) were observed in MC0, MC30, and MC50 after subsequent methane injections. Differences in methane removal rates were not significant when specimens with different thickness were used up to 18 days of incubation (P>0.05) (Fig. 3b) . Afterward, higher removal rate was examined in MT10 (304.2±1.8 μg C-CH 4 (g AAC d) 
Biofilter test
The optimized conditions (i.e., no calcium chloride addition during bacterial inoculation step and using 10-mm-thick specimen) obtained from the batch test were used as the basis of the biofilter design. The biofilter test was aimed to investigate the capacity of the immobilized MOB on AAC to remove methane at low concentration (~1000 ppmv) in a biofilter setup. The influence of the amount of biofilter operated in series on the overall methane EC and RE) in the biofilter was also investigated by operating three biofilters (MBF-A, MBF-B, and MBF-C) by sequential addition in series. Further investigation was performed by analyzing the methane removal distribution and the MOB abundance along each filter bed.
Methane was removed in the biofilter with varying EC and RE over the period of the test (Fig. 4a, b) . Lowering RE was observed in MBF-A at the start of the first period before it concomitantly increased with the increasing of the IL (i.e., set point approximately doubled) on day 16. After MBF-B was installed, lower total EC (250.3 g C CH 4 m −3 day −1
) was observed (day 44) compared to when MBF-A was run individually (425.1 g C CH 4 m −3 day −1
; day 36). Afterward, higher total EC was observed from day 56 until MBF-C was installed on day 72 as the EC in MBF-A and MBF-B increased on day 56 and 66, respectively. The highest total EC (630 g C CH 4 m −3 day −1
) and RE (65.54 %) during the second period were reached on day 66.
A decrease in the total EC was observed when MBF-C was added. The total EC decreased to 396 g-C CH 4 m −3 day −1 (day 80) after all three biofilters were run in series. When liquid nutrient feeding was stopped on day 86, the total EC decreased further until it reached the lowest capacity (176.7 g C CH 4 m −3 day −1
) on day 106. After liquid nutrient feeding was started again, the total EC subsequently increased to 222.9 g C CH 4 m −3 day −1 (day 117), and it stayed at approximately the same level until the end of the test. Carbon dioxide concentration during the experiment always remained at atmospheric level (~300 ppmv; data not shown). Methane always entered at the bottom of the filter adjacent to gas sampling port 1. Sampling port 7 was situated close to the gas outlet
The average RE (i.e., all biofilters included) in each phase of the experiment was 28.5 % (days 1 to 36), 31.5 % (days 37 to 72), and 26.1 % (days 72 to 127). The methane removal profile along the filter height varied over the period of the test (Fig. 5) . Initially, the methane removal was equally distributed in MBF-A along the filter height (day 12). Afterward, the methane removal was relatively higher at the top (ports 5 and 6) of the filter (days 27 and 36). When MBF-B was started, the methane removal profile in MBF-A reverted back to the linear trend examined on day 12 (day 44). The high total EC observed after day 44 occurred mainly at the bottom part of MBF-A (ports 1 and 2; day 66). After MBF-C addition, the high activity shown at the bottom part of MBF-A decreased and a linear methane removal pattern was again observed along the filter height (day 78). As the three filters were continuously operated, higher methane removal was exhibited in the middle (ports 3 and 4) and top (ports 5 and 6) part of MBF-A (day 117), whereas a linear methane removal pattern was always shown in MBF-B and MBF-C.
Among the three biofilters, significantly higher total MOB abundance was observed in MBF-B (9.5 × 10 8 ±1.6×10 8 pmoA copies (g dw)
; P<0.05) at the end of the biofilter operation (Fig. 6) . The total MOB abundance was not significantly different in MBF-A and MBF-C although MBF-A was started 72 days prior to MBF-C (P>0.05). For each biofilter, the highest MOB abundance was detected at the bottom part (filter height equal to ports 1 and 2) of the filter, whereas the lowest abundance was found at the middle region (filter height equal to ports 3 and 4). The highest and lowest MOB abundance per gram of dry weight over the entire setup was detected on the filter bed in which height was equal to ports 2 (8.8× 10 8 ±3.5×10 8 pmoA copies) and 4 of MBF-B (8.9×10 4 ±4.3× 10 4 pmoA copies), respectively.
Discussion Batch optimization test
Up to 90-mM addition of calcium chloride into the MOB culture did not significantly improve the methane removal capacity of MOB on AAC. Previous study showed that addition of salt could improve the methane uptake rate by MOB in soil (Bender and Conrad 1995; De Visscher et al. 2001) . In this study, higher methane removal rate was exhibited when calcium chloride up to 50 mM was added. However, the methane removal rate differences compared to the incubations without calcium chloride addition were not significant (P>0.05). Moreover, when 70 mM of calcium chloride was added, lower methane removal rate by MOB was even observed. In our previous study, lower methane removal rate was exhibited by MOB on AAC at low methane concentration (i.e., ppmv level) (Ganendra et al. 2014 ). Significant salt addition can lower the methane solubility in the liquid and limits its transfer from the gas to the liquid phase (Schnell and King 1996) . Hence, the lower activity by MOB when 70 mM of calcium chloride was added could be attributed to this lower methane concentration in the liquid phase surrounding the AAC specimens. A threshold of salt addition was also found in another study where lowering methane removal rate of mixed MOB culture was observed when sodium chloride above 7 g l −1 was supplemented (van der Ha et al. 2010) . The methane removal capacity of MOB in this study was eventually lost upon 90-mM calcium chloride addition (Fig. 3a) as a likely result of plasmolysis caused by hyperosmotic shock on the cells. Plasmolysis inhibits molecular biosynthesis which results in impaired cellular activities (Csonka 1989) . Furthermore, bacteria typically exhibit a high activity when immobilized on a carrier material having a high surface area (Cohen 2001) . In this study, among tested specimens with different thickness, 10-mm-thick specimens exhibited the highest surface area per gram of material, and the highest methane removal rate was exhibited in incubations using this type of specimens after 18 days of test. Overall, the optimum setup to immobilize MOB on AAC specimens was to utilize 10-mm-thick specimens and not to add calcium chloride during the inoculation step of the specimens. This setup was subsequently used as the basis of the biofilter design.
Biofilter test
Using the principle of an ideal plug flow reactor, higher overall EC can be achieved when higher numbers of biofilters are operated in series. Using the plug flow reactor model, assuming a first-order kinetic, the outlet Kim et al. (2014a) methane concentration from the biofilter can be calculated according to the following equation (Levenspiel 1972) :
k in Eq. 6 is the constant of the first-order kinetic reaction. First-order methane removal kinetic is typically assumed for a biofilter to remove methane at low concentration (i.e., ppmv level) (Melse and Van der Werf 2005) . By employing higher numbers of reactors in series, the total Breactor volume^is bigger, which gives rise to a higher EBRT of methane in the reactor. From Eq. 6, it can be seen that at higher EBRT, lower methane outlet concentration and hence higher RE will be obtained (Eq. 5). To test this hypothesis, three biofilters (MBF-A, MBF-B, and MBF-C) were operated by sequential addition in series.
The highest RE in the biofilter was achieved when two biofilters (i.e., MBF-A and MBF-B) were operated in series (average RE = 31.5 % from days 37 to 72). Higher average RE in the biofilters was not always obtained when a biofilter was added. Conversely, lower RE was obtained after MBF-B (day 36) and MBF-C (day 72) were added. This was likely due to the MOB adaptation to a new environmental condition (i.e., methane concentration) causing the lower activity of the bacteria. The adaptation period for the MOB in MBF-A for the first and second period lasted for approximately 12 and 20 days, respectively. In the second period, it took 28 days for the MOB in MBF-B to adapt to the biofilter environment after its startup. Previous batch and biotrickling filter studies also showed that MOB exhibited lower activity when one of the process conditions was altered (Knief and Dunfield 2005; Yoon et al. 2009 ). In this study, there are two identified changing environmental parameters: (i) from the batch liquid enrichment at~20 % (v/v) methane concentration to the biofilter environment at 1000-ppmv methane concentration and (ii) the changing of IL in MBF-A (day 16) and after a new biofilter was added. After this adaptation period, higher methane RE was always observed (Fig. 4a) .
The MOB adaptation period in MBF-A and MBF-B was not observed after MBF-C was added (day 73 onward). Higher RE in both biofilters, in comparison to the end of the second period (day 72), was never observed. This could be the result of the liquid feeding absence from day 86 to day 106. Liquid feeding is crucial to maintain the humidity inside the filter, keep the filter temperature constant, and provide essential nutrients to the bacteria (Cohen 2001) . In this study, this was further demonstrated when lower MOB activity was examined when liquid feeding was stopped, and subsequently, the activity increased when liquid feeding was started again (days 86 to 106). Overall, unlike a plug flow reactor, increasing the numbers of biofilters (thus increasing the reactor volume) did not result in higher total RE. The highest total MOB abundance was not found in the biofilter with the longest methane feeding period at the end of the biofilter test. MOB utilize methane as their carbon source to synthesize new biomass (Hanson and Hanson 1996) . Higher total MOB abundance was therefore expected to be found in the biofilter with the longest methane feeding period (i.e., MBF-A) than in MBF-B. However, the MOB abundance was more uniformly distributed in MBF-A than in MBF-B (P>0.05). Although this MOB abundance analysis was only performed at the end of the test, this could give an indication why higher RE was most of the time observed in MBF-A than in MBF-B (Fig. 4) . The RE was higher in MBF-B than in MBF-A on days 51, 56, 74, 78, 80, 88 , and 106 (7 out of 23 measurements after MBF-B was installed). As the biofilters were run during a very short EBRT (0.78 min), having a more uniform MOB distribution along the filter length would be more beneficial to have a high overall RE in the biofilter. This is true as linear methane removal pattern was most of the time observed in MBF-A and MBF-B after their start-up (Fig. 5) . Hence, a higher number of MOB was in contact with methane in MBF-A as the gas passed through the filter bed.
State of the art of methane biofilter technology
The performance of the biofilters in this study is compared with the biofilters from other studies ( Table 2) . Previous studies showed that a high methane RE can be obtained in a biofilter using all types of carrier materials. Besides the study conducted by Streese and Stegmann (2003) , all methane biofilters using soil or a mixture thereof exhibited RE> 50 %. Sly et al. (1993) obtained RE of 98 % when using glass tubes as the carrier material, whereas Josiane and Michele (2009) obtained RE of 90 % with gravel stone (Josiane and Michele 2009; Sly et al. 1993) . Hence, the majority of the biofilters from previous studies exhibited higher RE than the ones in this study. This could be attributed to the low EBRT (0.78 min) of the biofilters in this study. When operating at a high EBRT, there is more contact time between methane and MOB which gives rise to a high methane conversion by the bacteria. Pratt et al. (2012) obtained complete methane removal at an EBRT of 90 min when their biofilter operated at a similar inlet methane concentration (0.1 % (v/v)) as in our biofilters (Pratt et al. 2012) .
Although having lower performance compared to other biofilters, there are several advantages when using the AACbased biofilter. Firstly, carbon dioxide was not significantly emitted in this study (i.e., carbon dioxide concentration level always remained at atmospheric level). MOBs produce carbon dioxide, another greenhouse gas, as part of their catabolic reaction (Hanson and Hanson 1996) . When AAC is used as the carrier material, the produced carbon dioxide is removed by reacting with the binder material of AAC (1,1-nm tobermorite) and is thus sequestered in the material (Ganendra et al. 2014) . Therefore, a complete methanederived carbon sequestration can be achieved making AAC a more environmentally friendly carrier material.
The use of AAC also gives an advantage over organic carrier materials as it provides less compaction problem (i.e., pressure did not fluctuate significantly; data not shown). However, the use of AAC as the carrier material may also present some disadvantages. For instance, unlike organic material (e.g., compost), AAC cannot provide additional nutrients for the bacteria. Hence, external nutrient supply should be provided into the filter. This was further demonstrated in this study when lowered methane removal capacity of MOB was observed after the liquid nutrient feeding was stopped. Moreover, the bacterial inoculation step is needed when using AAC as the carrier materials. This, together with the necessity of liquid nutrient feeding, can give rise to higher biofilter operational cost. Overall, the use of AAC as the carrier material in a methane biofilter presents several advantages and disadvantages, and these considerations should be taken into account when designing the biofilter.
Future studies should look into the influence of different EBRT (i.e., varying gas flow rate) on the RE in the biofilter to determine the optimal flow rate to obtain maximum RE. Evolution of MOB abundance and their impact on the methane removal by MOB should also be further studied. This should be done with a new reactor design that allows invasive sampling without affecting process performance. Furthermore, a mixture of organic material (e.g., soil) and AAC should be used as the carrier material in order to reap the advantages offered by both types of materials (i.e., nutrient provision from the carrier material (organic) and carbon dioxide sequestration (AAC)) when operating the biofilter. Application of the biofilter in this study for the methane removal from in situ livestock gas waste will be investigated in our next research.
